The effects of carotid sinus nerve (CSN) stimulation were studied at rest and during a mild level of supine bicycle exercise in seven patients in whom CSN stimulators had been implanted for the treatment of angina pectoris. At rest, CSN stimulation produced a fall in mean arterial pressure (MAP) averaging 23% and an 8% decrease in cardiac output (CO). Total peripheral resistance (TPR) fell by 14% and forearm vascular resistance (FVR) by 16%. During exercise, MAP fell 16%, but no significant change occurred in CO. Thus, the fall in MAP could be attributed to a reflexly induced decrease in peripheral vascular resistance. Only small decreases occurred in heart rate. No changes in venous tone, central venous pressure, or the maximum transverse end-diastolic diameter of the heart were produced by stimulation either at rest or during exercise. Thus, at rest, CSN stimulation reduces MAP by reflexly decreasing both vascular resistance and CO; during exercise, the diminution in CO no longer occurs. Finally, the venous system does not appear to participate in reflexes activated by CSN stimulation.
SUMMARY
The effects of carotid sinus nerve (CSN) stimulation were studied at rest and during a mild level of supine bicycle exercise in seven patients in whom CSN stimulators had been implanted for the treatment of angina pectoris. At rest, CSN stimulation produced a fall in mean arterial pressure (MAP) averaging 23% and an 8% decrease in cardiac output (CO). Total peripheral resistance (TPR) fell by 14% and forearm vascular resistance (FVR) by 16%. During exercise, MAP fell 16%, but no significant change occurred in CO. Thus, the fall in MAP could be attributed to a reflexly induced decrease in peripheral vascular resistance. Only small decreases occurred in heart rate. No changes in venous tone, central venous pressure, or the maximum transverse end-diastolic diameter of the heart were produced by stimulation either at rest or during exercise. Thus, at rest, CSN stimulation reduces MAP by reflexly decreasing both vascular resistance and CO; during exercise, the diminution in CO no longer occurs. Finally, the venous system does not appear to participate in reflexes activated by CSN stimulator has recently been shown to provide significant symptomatic improvement in patients with incapacitating angina pectoris. 1 2 It has been proposed that carotid sinus nerve (CSN) stimulation ameliorates ischemic cardiac pain by decreasing myocardial 02 demands, thereby reestablishing the equilibrium Heart size Exercise Carotid sinus nerves between myocardial 02 consumption and myocardial 02 delivery. This hypothesis was suggested by the observation that increases in carotid sinus pressure reflexly decrease arterial pressure,3 heart rate,3 and myocardial contractility.4 Each of these changes would tend to diminish MV02-Changes in baroreceptor nerve activity in man have usually been achieved indirectly by interventions that either lower or raise systemic arterial pressure5-11 or increase transmural pressure across the carotid artery. 12 Previously, electrical stimulation of baroreceptor nerves has been studied in subjects under general anesthesia13 or in patients with severe hypertension at rest.'4 To gain further insight into the circulatory alterations produced by electrical stimulation of the CSN under more physiologic conditions, unanesthetized normotensive patients were studied both at rest and during exercise, and the reflex effects of CSN stimulation on the heart and on the resistance and capacitance vessels were determined.
Methods
Seven normotensive patients with coronary artery disease whose ages ranged from 41 to 56 were studied. The receiving unit of the CSN stimulator1, 2 had been implanted a minimum of 6 weeks prior to the study, and each patient was thoroughly familiarized with the effects of the stimulator and with the experimental protocol. The intensity of stimulation, as determined by the voltage setting of the transmitting unit, was adjusted so that mean arterial pressure at rest fell about 20 mm Hg. Stimulus impulses were 0.3 milliseconds in width and occurred at a frequency of 50 cps. Cardiac output was measured by the dye-dilution technic with the use of indocyanine green with dye injected through a polyethylene catheter introduced into the superior vena cava or right atrium. Brachial arterial blood was sampled through a polyvinyl catheter previously introduced by a modified Seldinger technic, and a sterile reinfusion method was employed to minimize blood loss. Systemic arterial and central venous pressures were recorded continuously along with the electrocardiogram. Zero reference pressure was set at the midthorax.
Forearm blood flow (FBF) was measured by the acute occlusion technic with the Whitney mercury-in-rubber strain-gauge plethysmograph on the arm opposite to that used to measure arterial pressure.8' 9, 11 FBF, in milliliters per 100 g of tissue per minute, was calculated from the rate of change of the circumference of the isolated forearm during venous occlusion. Forearm vascular resistance (FVR), in mm Hg/ ml/ 100 g/min, was calculated as the ratio of mean arterial pressure to FBF. FBF and arterial pressure measurements were obtained in opposite arms.
Changes in venous tone were determined by the occluded vein technic"' 15: pressure was measured in a superficial vein of a hand or forearm that was isolated from the circulation by blood pressure cuffs that had been inflated to suprasystolic levels. The tip of the needle was used as the zero reference level. Since intravascular volume of the isolated hland or forearm was constant, changes in venous pressure reflected changes in venous tone.
In the first part of the study we obtained measurements of cardiac output, mean arterial and central venous pressures, heart rate, and FBF in the supine position during three periods: (1) at rest prior to CSN stimulation; (2) during the last 90 seconds of a 3-minute period of stimulaton; and (3) 2 minutes after stimulation had been discontinued. Two to four determinations of cardiac output and 8 to 12 recordings of FBF were made during each period. In the second part of the study the patient exercised on a bicycle ergometer in the supine position at a level that we previously determined would not precipitate an attack of angina. During the fifth and succeeding minutes of exercise the same circulatory measurements were again made: (1) prior to stimulation, (2) during the last 90 seconds of a 3-minute period of stimulation, and (3) 2 minutes after the stimulation ceased. After 20 minutes of rest, venous tone was measured in four patients before and during CSN stimulation while resting, while performing a deep inspiration, and while exercising a second time.
The greatest transverse diameter of the cardiac silhouette was measured in nine patients from postero-anterior chest roentgenograms taken before and during CSN stimulation, both at rest in the sitting position and during upright bicycle exercise. Exposure was synchronized with the electrocardiogram to occur in end-diastole. To obviate the effects of respiration on cardiac size,16 exposures were all made at end-inspiration. Measurements of cardiac size were compared only when the positions of the diaphragms were identical in each roentgenogram. This method has been shown to be capable of detecting changes in transverse cardiac diameter produced by the administration of nitrates at rest and during exercise. 17 
Results

Rest
After initiation of CSN stimulation, while patients were resting in the supine position. mean arterial pressure fell an average of 23% (21 mm Hg), cardiac output fell an average of 8% (0.39 L/min, P <0.05) and TPR fell an average of 14% (220 dynes sec cm-8, P <0.02). FVR decreased by an average of 16% (4 mm Hg/ml/min, P <0.05) but FBF did not change significantly. Heart rate fell an average of 9% (7 beats/min, P <0.05). Central venous pressure was unaltered (figs. 1 and 2; table 1 ). Effects of CSN stimulation during supine rest on nmean arterial pressure, total peripheral resistance, and forearm vascular resistance.
Venous tone did not change during CSN stimulation, at a time when mean arterial pressure fell 23% (figs. 2 and 3). Responsiveness of the venous bed to constrictor stimuli was clearly demonstrated subsequently, however, by the reflex increase in occluded limb vein pressure following a deep inspiration.
The maximum transverse end-diastolic diameter of the heart was not consistently altered ( fig. 4 ).
Exercise
When CSN stimulation was carried out during exercise, mean arterial pressure fell by an average of 16% (16 mm Hg). Cardiac output, however, did not change. Thus, the fall in arterial pressure resulted from the decrease in peripheral resistance (av = 16%, P <0.001). Similarly, FBF was unaltered, and FVR decreased an average of 23% (6 mm Hg/ml/min/100 g, P <0.02). Heart rate decreased by an average of 5% (4 beats/min, P <0.02), and central venous pressure was unchanged (figs. 2 
Figure 2
Effects of CSN stimulation on venous tone, arterial pressure, and heart rate. At rest, left panel, reactivity of the venous bed is demonstrated by the venoconstriction occurring in response to a deep inspiration. CSN stimulation results in a large fall in arterial pressure and a small decrease in heart rate, but no change in venous tone, as manifested by the lack of change in venous pressure. Despite the venoconstriction caused by supine exercise, right panel, CSN stimulation still does not cause any alteration in venous tone. MEAN As in the studies performed while at rest, venous tone was not altered by CSN stimulation despite the increase in background venous tone that often accompanied the exercise (figs. 2 and 6). In the four patients in whom venous tone was measured during exercise this lack of response to CSN stimulation was observed at the same time that mean arterial pressure fell reflexly by an average of 10%. However, the ability of the veins to respond to reflex stimuli was demonstrated by the venoconstriction that occurred after a deep inspiration.
As was observed in the resting state, CSN stimulation failed to alter the maximum fig. 4 ).
Deep Inspiration
A deep inspiration performed at rest or during exercise and repeated at 1to 2-minute intervals consistently produced a transient increase in venous tone. CSN stimulation did not affect this response, either when the stimulator was turned on just prior to the deep inspiration, or at the peak of the venoconstrictor response (fig. 7) . Efects of CSN stimulation on the increase in venous tone produced by a deep inspiration. No alteration in the response occurred either when the stimulator was activiated prior to inspiration or at the peak of the response.
Discussion
The results of this investigation demonstrate that electrical stimulation of the carotid sinus nerves in unanesthetized normotensive human subjects results in reflex dilatation of the resistance vessels both at rest and during exercise. In the resting subject, CSN stimulation reduces mean arterial pressure by producing reflex decreases in both vascular resistance and in cardiac output; during exercise, the diminution in cardiac output no longer occurs and the fall in arterial pressure results solely from dilatation of the resistance vessels.
A major finding of this study was that although dilatation of resistance vessels occurred in response to stimulation of the carotid sinus nerves, simultaneous dilatation of the capacitance vessels was not observed. To exclude the possibility that lack of venodilatation was due to an absence of tonic sympathetic stimulation of the veins in the supine position at rest, the effects of CSN stimulation were measured during exercise and during the response to a deep inspiration, interventions that reflexly increase sympathetic venoconstrictor activity. 18 It was observed that CSN stimulation failed to cause venodilatation even under these circumstances. In addition, the venoconstrictor response to deep inspiration was unaltered by prior activation of the stimulation. The lack of responsiveness of the capacitance vessels to direct electrical stimulation of the carotid sinus nerves found in the present study reinforces the findings of recent investigations,"1 19, 20 which suggest that the capacitance bed does not participate in baroreceptor reflexes under physiologic circumstances.
The possibility remains that venous beds in areas other than the hand and forearm might dilate during CSN stimulation. If this were the case, the resulting venodilatation might be expected to lower central venous pressure and decrease heart size. The absence of any observed change in either of these variables suggests that the lack of responsiveness of forearm and hand veins to CSN stimulation is a characteristic shared by the major portion of, if not the entire, capacitance system.
The relatively small decrease in heart rate produced by CSN stimulation had been observed previously when baroreceptor re-flexes originating from the carotid sinuses have been studied in anesthetized dogs,3 and it has been suggested that the aortic baroreceptors are more important than the carotid baroreceptors in the reflex control of heart rate.21 In this regard, Glick and Covell in a recent study from this laboratory22 showed that changes in the stimulus input to the carotid sinus baroreceptors often produce less alteration in heart rate than similar changes applied to the aortic arch baroceptors. Because In one study relating to the effects of chemoreceptor stimulation in anesthetized dogs, hypoxia was found to increase venous tone, a change that was abolished by denervating the carotid body.27
In summary, direct electrical stimulation of the carotid sinus nerves in man at intensities of stimulation that relieve angina pectoris produces reflex dilatation of the resistance vessels both at rest and during exercise. Cardiac output appears to fall slightly at rest, but no consistent changes occur during supine exercise. Only a minor but significant degree of cardiac slowing results from sustained CSN stimulation either at rest or during exercise, and no alterations in venous tone of the forearm or hand occur. The latter observation provides further evidence for the contention that the venous system of the limbs does not normally participate in reflexes mediated by the carotid sinus baroreceptor system. 26 . COMROE, J. H., JR., AND MOIRTIMER, L.:
Respiratory and cardiovascular responses of temporally separated aortic and carotid bodies to cyanide, nicotine, phenyldignanide and serotonin. J Pharmacol Exp Ther 146: 33, 1964. 27. BRAUNWALD, E., Ross, J., JR., KAHLER, R. L., GAFFNEY, T. E., GOLDBLATT, A., AND MASON, D. T.: Reflex control of the systemic venous bed: Effects on venous tone and vasoactive drugs, and of baroreceptor stimulation. Circulation Research 12: 539, 1963.
Advance Through Experimental Medicine
When, in 1927, we arrived in the department of Carl Wiggers, one of our best teachers, he asked us first of all which experiments we had performed recently. Answering this question, we explained carefully our observations concerning the baroreceptors regulating arterial pressure and the chemoreceptors acting on respiration. Carl Wiggers listened and then said: "Heymans, do you really believe what you said? Because I suppose you know that is in full contradiction with classic opinions. Now, let us not argue, but tomorrow we shall provide a dog and you are going to demonstrate what you said." Just as John Hunter said to Edward Jenner: "Why think? Why not try the experiment?" Next morning, then, we performed the demonstration while Carl Wiggers was looking at it very carefully. At the end of the experiment, he said "Heymans, the dog is right, textbooks are wrong!"-CORNEILLE J. F. HEYMANS: In Reflections on Biologic Research, edited by Giulio Gabbiani. St. Louis, Warren H. Green, Inc., 1967, p. 83.
